We evaluated neuronal and histological changes of thalamic neurons 1, 4, 7, and 14 days after middle cerebral artery (MCA) occlusion in rats. After the somatosensory evoked potentials (SEPs) were measured from the cerebral cortex, the thalamic relay neuronal ac tivities were recorded with a glass microelectrode follow ing repetitive electrical stimulation of the contralateral forepaw at frequencies ranging from 1 to 50 Hz. In -95% of the occluded rats, the ipsilateral somatosensory cortex and/or the subcortical somatosensory pathway developed infarct, resulting in SEP loss. We evaluated unit data from rats with abolished SEPs. The average firing rate of the nucleus ventralis posterolateralis (VPL) neurons in response to 25 stimulations at 30 Hz was significantly reduced to 0.1 spike/stimulus 1 day after MCA occlusion.
Summary: We evaluated neuronal and histological changes of thalamic neurons 1, 4, 7, and 14 days after middle cerebral artery (MCA) occlusion in rats. After the somatosensory evoked potentials (SEPs) were measured from the cerebral cortex, the thalamic relay neuronal ac tivities were recorded with a glass microelectrode follow ing repetitive electrical stimulation of the contralateral forepaw at frequencies ranging from 1 to 50 Hz. In -95% of the occluded rats, the ipsilateral somatosensory cortex and/or the subcortical somatosensory pathway developed infarct, resulting in SEP loss. We evaluated unit data from rats with abolished SEPs. The average firing rate of the nucleus ventralis posterolateralis (VPL) neurons in response to 25 stimulations at 30 Hz was significantly reduced to 0.1 spike/stimulus 1 day after MCA occlusion.
After the occurrence of a localized brain lesion, neuronal structures remote from the primary lesion develop functional and/or histological changes through the neuronal pathway. The thalamocortical and the corticothalamic pathway closely connects the cerebral cortex and the ipsilateral thalamus. Cortical infarct results in progressive degeneration in the ipsilateral thalamus in humans and rats
In sham-operated rats, the same stimulation produced 0.7 spike/stimulus. The firing rate recovered to 0.4 spike/ stimulus at 30-Hz stimulation 4 and 7 days after occlu sion. This was followed by resuppression (0.1 spike/ stimulus) 14 days after occlusion. Histological study re vealed some abnormal neurons in the ipsilateral thalamus 7 days after occlusion. We were unable to find normal shaped neurons in the VPL 14 days after occlusion. The present study demonstrates that cortical infarct produces functional and morphologic changes that gradually and progressively affect the ipsilateral thalamus, although in complete transient recovery of somatosensory transmis sion may occur. Key Words: Cortical infarct-Middle ce rebral artery-Nucleus ventralis posterolateralis Thalamus-Unit activity. (Kataoka et aI., 1989; Fujie et aI., 1990; Tamura et aI., 1991) . It has been suggested that these pro cesses are attributable to neurotrophic mechanisms (Yamada et aI., 1991) . However, there is a lack of knowledge concerning neurofunctional changes during these processes except for a deoxyglucose autoradiographic study, which showed decreases in ipsilateral thalamic glucose utilization in the acute stage (Kataoka et al., 1989) . We investigated the sequential changes in the direct function of the tha lamic neurons during degeneration after cortical in farct by recording the thalamic unit activity follow ing middle cerebral artery (MCA) occlusion in rats. Since the spontaneous activity of the thalamic relay neurons is relatively low in anesthetized rats, we evaluated the responses of the thalamic neurons to repetitive electrical stimulation applied to the con tralateral forepaw.
MATERIALS AND METHODS

General preparation
One hundred one adult male Sprague-Dawley rats weighing 250-350 g were anesthetized with 400 mg/kg chloral hydrate i. p. A 1 % lidocaine solution was topically applied to the surgical wound. After enucleation of the left eye, the left MCA was exposed via the transorbital approach and coagulated. The microsurgical technique was modified from the original Tamura method for chronic experiments (Tamura et aI., 1981; Yamamoto et aI., 1988) . In sham-operated control rats, the arachnoid surrounding the MCA was divided, but the artery was not coagulated. We always cooled the surgical wounds to avoid thermal cortical injury as a result of bipolar cau tery. Throughout this procedure, special care was taken to protect the vibrissae and the trigeminal nerve. After the operation, the rats were returned to their cages.
Electrophysiology
The rats were anesthetized with chloral hydrate (400 mg/kg i.p.) 1,4,7, and 14 days after MCA occlusion and 1 day after sham operation. The head of the rat was fixed in a stereotaxic instrument, and the skull was exposed widely by a midline incision. We recorded the somato sensory evoked potential (SEP) from both sides prior to thalamic unit study. Each small burr hole was made on the coronal suture 4 mm lateral from the bregma on both sides. A silver-ball electrode was placed onto the exposed dura overlying the forepaw somatosensory cortex (Hall and Lindholm, 1974) . A reference electrode was inserted into the nasal bone. SEPs were elicited by supramaximal electrical stimulation (duration 0.3 ms, frequency 1 Hz) using a pair of stainless-steel needles inserted into the contralateral forepaw. SEPs were amplified, filtered (bandpass 10-1, 000 Hz), and then fed into a signal pro cessor (7S06; San-ei Instrument Co., Tokyo, Japan) to average 256 responses.
After SEP recording, an additional small craniectomy was made over the left thalamus. A glass microelectrode (4-8 MO) filled with a mixture of 2 M NaCI and 2% pon tamine sky blue was stereotaxically inserted into the nu cleus ventralis posterolateralis (VPL) according to the at las of Paxinos and Watson (1986) (A 4.7-5.7, L 3.0-3.5, H 4.5-6.0) . Single unit activities were monitored on an os cilloscope after amplification and filtering (bandpass 50-3,000 Hz). We chose the unit activity that responded only to the forepaw stimulation and had a short poststimulus interval (within 15 ms) (Angel and Clarke, 1975; Guilbaud et aI., 1980; Faull and Mehler, 1985) . The stimulation was the same as that used for SEP recording. The forepaw was stimulated repeatedly with gradually increasing fre quencies from 1 to 50 Hz, and at each frequency 25 pulses were delivered (Yuan et aI., 1985) . The data were then stored on a digital data recorder. The evoked responses were evaluated by the firing rate at each stimulation fre quency. The firing rate was calculated from the average number of spikes in response to each group of 25 stimuli. It was obtained from the trains on the oscilloscope pho tographed by a recording camera. After unit recording, the recording site was marked by pontamine sky blue injection through the electrode. For the control, the left thalamic unit responses evoked by right forepaw stimu lation were recorded from 13 rats 1 day after sham oper ation. We recorded the unit responses from 17, 18, 12, and 17 rats 1, 4, 7, and 14 days after MCA occlusion, respectively.
We used the nonparametric Wilcoxon two-sample test for statistical evaluation of data from the control group and the MCA occlusion groups.
Histology
After unit recording, the animals were killed under deep pentobarbital anesthesia and the brains were re moved. Two coronal cuts were made 5 and 7 mm from the frontal pole. The resulting 2-mm-thick slice was im mersed in a 2% solution of 2, 3, 5-triphenyltetrazolium chloride (TTC) in saline at 37°C for 20 min for the deter mination of the infarct (Bose et aI., 1983) . The caudal section was used to verify the unit recording site. After 24-h fixation in buffered formalin, the brain was cut into 40-J.Lm frontal sections using a cryostat and stained with neutral red. The recording sites were verified under a microscope. For macroscopic determination of thalamic degeneration as well as cerebral infarct, we evaluated ad ditional brain sections at the level of the caudate-putamen and the thalamus without unit recording by TTC staining at 1,4, and 7 days after occlusion (n = 3 each group). The area of infarct was measured by a computerized image analyzing system and expressed as a percentage of the area of the contralateral hemicoronal section. We per fused two rats with 14-day infarct after thalamic unit re cording with 4% paraformaldehyde in 0.1 M phosphate buffer under deep pentobarbital anesthesia and made 6-J.Lm paraffin-embedded brain sections for hematoxylin and eosin staining. Similarly, three rats without unit re cording were perfused on days 1, 4, 7, and 14 after oc clusion to obtain tissue samples.
RESULTS
Electrophysiology
In sham-operated rats under chloral hydrate an esthesia, SEPs had a characteristic waveform con sisting of several components. A large positive negative-positive complex (P3-N-P4) was consid ered the primary cortical response (Lye et ai, 1987; Sakatani et aI., 1990) . The two small positive waves preceding the P3 wave (PI, P2) are believed to orig inate from activities in the thalamocortical path ways (Wiederholt and Iragui-Mados, 1977; Allison and Hume, 1981) . The latencies of PI, P2, and P3 were 5.7 ± 0.7, 7.5 ± 0.7, and 10.0 ± 0.7 ms (mean ± SD), respectively. In all rats with MCA occlu sion, intact SEP was recorded from the contralat eral hemisphere. SEP, including the P3-N-P4 com plex and PI, P2, was abolished in the ipsilateral hemisphere 1-14 days after MCA occlusion except in three rats with 7-day occlusion (Fig. 1) . These rats were excluded from further analysis. TTC staining showed that the infarcted area in the cortex of these three rats was fairly limited.
We could detect the thalamic unit activities re sponding to the forepaw stimulation at 1 Hz in 76% (13 of 17), 67% (12 of 18), 83% (10 of 12), and 65% (11 of 17) of rats 1, 4, 7, and 14 days after MCA occlusion, respectively. In the other rats, we could not find unit activities responding to electrical stim ulation despite a number of trials of microelectrode penetration. It was easy to identify this response in all 13 sham-operated animals. Ninety-one units were recorded from 59 rats that manifested aboli tion of SEPs after MCA occlusion (Table 1) . Most of the units showed single or double spikes (n = 76). Some units showed a train discharge consisting of 5-12 spikes (n = 15). In these units, the sum of the poststimulus interval and the duration of train discharge usually exceeded 20 ms. Because each stimulus interval was 20 ms at 50 Hz, these burst units were excluded from further analysis. We were able to analyze and determine the latency and re sponse modality of 54 units from 76 nonburst units. The spontaneous activity of the units was generally low in this condition. Figure 2 shows an example of the evoked unit responses. In the control rat, the unit was fired at every stimulus application. One day after MCA oc clusion, only the first and second stimulation evoked a unit response; subsequent stimuli failed to elicit the response. The relationship between changes in firing rate of individual units and stimu lus frequency is shown in Fig. 3 . In all rats including the sham-operated controls, the firing rate of the VPL units decreased with increased stimulus fre quency. In all of the MCA occlusion groups, the firing rate was lower than in the sham control at the point of each stimulus frequency. Four days after MCA occlusion, about half of the measured neu rons exhibited better responses. This resulted in re covery of the mean values of the firing rate from the depression recorded 1 day after MCA occlusion ( Fig. 3) . Fourteen days post occlusion, the firing rate again decreased. Figure 4 shows the time course of the firing rate at 30 Hz. The mean of the poststimulus interval at 1, 4, 7, and 14 days after MCA occlusion was 8.1 ± 2.4, 7.5 ± 2.2, 8.5 ± 2.2 and 8.4 ± 4.1 ms, respectively. The mean latency in the control group was 7.1 ± 2.4 ms, shorter than in each of the MCA occlusion groups; however, the differences were not significant. The responses to electrical stimulation of the con tralateral forepaw were recorded from the neurons located mainly in the caudolateral parts of the ventro basal thalamus. There were no differences in the dis tribution sites between the different groups (Fig. 5) .
Histology
TTC staining showed infarction of the parietal cortex and the lateral striatum on the left side. The Four and 7 days after occlusion, there were some neurons whose firing rate did not markedly decrease. These neurons responded like those in the con trol group. e: However, the firing rate decreased again 14 days after infarct. In all rats of the MCA occlusion group, the firing rate was lower than in the controls regardless of the stimulus fre quency. Arrowheads and arrows: Significantly different from the control group at p < 0.05 and p < 0.01, respectively (Wilcoxon two-sample test). .... 1. 5 ischemic lesion extended into the frontoparietal cortex to various degrees. The size of the infarct in rats with unit recording was calculated as 45. 1 ± 13.9% on day 1, 42.3 ± 10.6% on day 4, 43. 1 ± 10.9% on day 7, and 41.2 ± 12.0% on day 14 at the level of the caudate-putamen. There were no signif icant differences between the groups. At 4 days postocclusion, TTC staining was reduced in the left compared with the right thalamus and the control group (Fig. 6 ). Paraffin-embedded brain section stained by he matoxylin and eosin obtained from the brain of a rat 14 days after MCA occlusion revealed that most of the left VPL neurons showed morphological degen erative changes. Although the left VPL neurons mi croscopically appeared normal 1 and 4 days after 
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occlusion, abnormal neurons with pyknotic nuclei and shrunken perikarya appeared in the left VPL 7 days after infarct (Fig. 7) . DISCUSSION P3-N-P4 originates in the somatosensory cortex in rats (Lye et al., 1987; Sakatani et al., 1990) . Be cause experimental MCA occlusion produces brain infarct with variable extension in rats (Duverger and MacKenzie, 1988) , we selected rats with abol ished SEPs after MCA occlusion. As verified by our TTC study, complete abolition of SEPs after occlu sion indicates ischemic damage of the somatosen sory cortex and/or the subcortical somatosensory pathway, resulting in disconnection between the VPL neuron and the cortex. It has been suggested that the two small positive waves (PI and P2) pre ceding P3 are the origin of the thalamocortical path way (Wiederholt and Iragui-Mados, 1977; Allison and Hume, 198 1) . In the present study, MCA oc clusion eliminated not only cortical SEPs but also the early component including PI and P2. However, we did observe VPL unit responses to forepaw stimulation. The dissociation between SEPs and unit recordings is not clearly understood at present.
Rat ventrobasal neurons receive synaptic inputs from three main sources: the spinal dorsal column, cerebral cortex, and thalamic reticular nucleus (Pe schanski et al., 1983) . Among these, corticotha lamic inputs to the relay neurons account for 16% of open squares indicate control (n = 12), 1-day infarct (n = 12), 4-day infarct (n = 10), 7-day infarct (n = 10), and 14-day infarct (n = 10) rats, respectively. LP, lateral posterior nucleus; LD, laterodorsal nucleus; Po, posterior nuclear group; VPM, medial ventroposterior nucleus; VM, ventromedial nucleus; DLG, dorsal lateral geniculate nucleus; VPL, lateral ventroposterior nu cleus; VLG, ventral lateral geniculate nucleus; CL, centrolateral nucleus; PC, paracentral nucleus; PF, parafascicular nucleus. From the stereotaxic atlas of the rat (Paxinos and Watson, 1986) . the total. Yuan et al. (1985) applied lidocaine topi cally to the somatosensory cortex for focal depres sion to study the corticofugal influence on the rat VPL neurons. They concluded that the corticofugal effect might be directly excitatory upon the VPL neurons because no inhibitory interneurons were found in the rat ventrobasal thalamus (Ralston, 1983) . Our unit recording data demonstrated pro found depression of the firing rate in the VPL neu rons. The disturbance of somatosensory transmis sion observed 1 day after occlusion is attributable to acute ischemic elimination of corticofugal facilita tive activities upon the thalamic relay neurons. This has been suggested by our previous deoxyglucose study (Kataoka et al., 1989) . Transient recovery of somatosensory transmission occurred 4-7 days af ter infarct and preceded subsequent depression ob served on the 14th postocclusion day. Inhibitory corticothalamic control upon the somatosensory transmission in the thalamic relay neurons has also been reported (Ogden, 1960; Burchfiel and Duffy, 1974; Angel and Clarke, 1975) . The adaptive mechanisms involved in temporal recovery are not clearly understood at present. The rat thalamus is supplied mainly by perforat ing arteries from the internal carotid, posterior ce rebral, anterior cerebral, and superior cerebellar ar teries. The arterial branches supplying the ventral anterior thalamus arise only from the initial portion of the MCA (Rieke, 1987) . In this study, we mea sured the unit response from the VPL neurons lo cated in the posterior part of the thalamus (A 4.7-5.7, L 3.0-3.5, H 4.5-6.0) (Paxinos and Watson, 1986) . TTC staining obtained 1 day after MCA oc clusion showed no evidence of infarct in the ipsilat eral thalamus. However, the ischemic edema and mass effect produced by cortical infarct could in duce mild blood flow reduction in the ipsilateral thalamus. We cannot completely exclude an influ ence of the ischemic cortical edema upon the tha lamic relay nucleus.
Studies by Iizuka et al. (1990) and our histological studies have shown that abnormal neurons appear in the ipsilateral thalamus 7 days after MCA occlu sion. The Fink-Heimer silver impregnation method revealed massive terminal degeneration in the ipsi lateral thalamus 4 days after MCA occlusion (Kataoka et al., 1989) . In the present study, TTC staining decreased in the ipsilateral thalamus 4 days after MCA occlusion. Those degenerative changes were progressive: The ipsilateral thalamus has been shown to be severely atrophied 3 months after MCA occlusion (Fujie et al., 1990 ). We do not plan to perform a unit study of chronic infarct because it is difficult to determine the stereotaxic VPL posi tion in the atrophic thalamus. We hypothesize that the atrophying thalamus is destined for electrophys iological silence in the terminal stage. Our present electrophysiological study clearly revealed that the VPL neurons retained the potential to produce ac tion potentials in response to contralateral forepaw stimulation even though those VPL neurons showed microscopic degenerative changes 14 days after MCA occlusion. We were unable to detect the unit activity in the VPL in � 35% of the rats with 14-day infarct. In all sham-operated rats, on the other hand, the unit activity was easily recorded. We posit that functional death of the VPL neurons had occurred in most of the rats in which we were unable to obtain recordings. In this pathology, pro gression to functional death may be gradual.
Excitatory amino acids could be neurotransmit ters of corticothalamic projection from somatosen sory cortex (Fonnum et al., 1981) . Cortical infarc tion results in terminal degeneration in the ipsilat eral thalamus (Kataoka et al., 1989) . Terminal degeneration could induce the release of excitatory served depression of somatosensory transmission in the VPL neurons after MCA occlusion. We could not prove this excitotoxic hypothesis.
In the pathophysiology of brain ischemia, isch emic penumbra (Astrup et aI., 1981) and delayed neuronal death (Kirino, 1982) have been reported.
Restoration of blood flow can restore neuronal function in the area of the ischemic penumbra where the neurons are alive but functionally dis turbed under the condition of mild ischemia. In the pathology of delayed neuronal death, unit recording studies showed complete electrophysiological si lence in the hippocampal CAl neurons prior to mor phological cell death following brief temporary total ischemia (Suzuki et aI., 1983; Imon et aI., 1991) . Our study documented unique functional changes following brain ischemia that were distinctly differ ent from any that have been reported previously.
